Abstract. This paper applies concepts of landscape ecology and patch dynamics to lotic systems. We present a framework for the investigation of pattern and process in lotic ecosystems that considers how specific patch characteristics determine biotic and abiotic processes over various scales. Patch characteristics include: size, size distribution within the landscape, juxtaposition, diversity, duration, and mechanisms affecting patch formation. Several topics of current interest in lotic ecology are examined from a patch-dynamics perspective: (1) response of periphyton communities to nutrient patches; (2) effects of patch dynamics on nutrient spiralling; (3) riparian patch dynamics and effects of leaf litter characteristics on lotic food webs; (4) beaver-induced patch dynamics; and (5) patch dynamics of river floodplains.
In streams, as in intertidal zones, the distribution of both sedentary and mobile organisms is strongly influenced by the movements of overlying waters. While the unidirectional flow of water in streams can create spatial and temporal heterogeneity (in patterns of current velocity, substratum sorting, faunal habitat, etc.), mixing processes also reduce heterogeneity of other factors (e.g., spatial and temporal differences in nutrient concentrations). Surface water flow is an abiotic vector that imposes a directional flux of materials on the general background of resource concentration gradients (Forman 1983, Wiens et al. 1985) .
Viewing streams as mosaics of patches provides a fresh perspective for lotic studies. Mechanisms of spatial and temporal complexity on a variety of scales can be investigated in a manageable fashion by examining interrelationships between basic building blocks of the system. For instance, unifying concepts in lotic ecology that have emphasized longitudinal linkages, such as the river continuum concept (Minshall et al. 1985 , Vannote et al. 1980 ) and nutrient spiralling (Newbold et al. 1981 , Webster 1975 , can be evaluated by studying changes in characteristics of patches and interactions between specific patch types along a stream continuum. If there are net imbalances in fluxes or the spread of disturbances across boundaries in relation to within-patch processes, a directional bias to system fluxes can be established (Wiens et al. 1985) . Thus, a patch dynamics approach can complement unifying theories that emphasize longitudinal continua by providing a reductionist tool for evaluation of such concepts. As stressed by Orians (1980) , one of the great challenges in ecology is the bridging of the conceptual gap between micro-and macro-ecology. The study of patch dynamics with its emphasis on processes and interactions at various scales is one logical approach to making the transition.
It has long been recognized that rivers and streams are heterogeneous environments where highly clumped distributions of organisms pose severe sampling problems (e.g., Hynes 1970). Traditionally, aquatic ecologists have designated riffles, pools, runs, etc. as relatively homogeneous units for study (e.g., Hynes 1970) and, at a finer scale, patchiness has been described in terms of physical factors such as depth, width, current speed, and substratum particle size (e.g., Gorman and Karr 1978). However, patchiness within streams at scales perceived and/or exploited by stream organisms is a reality that has often been ignored. Research in lotic ecology often has been constrained by preconceived notions of what a "patch" is.
To a considerable extent, studies have stressed comparisons of conditions and/or communities within and between patches, rather than interactive processes that control form and function of patch mosaics. An instructive exception is the work on thermal effluent communities, which demonstrated the continually changing nature of these systems and the interdependence of temperature, flow, grazing, and predation (Wickstrom and Wiegert 1980) . Recent descriptions of stream riffle ecosystems as open non-equilibrium systems (Peckarsky 1985) and patches in transitory equilibrium with other patches (Sheldon 1984) indicate an increasing perception of stream patches in dynamic terms.
The strength of a patch perspective to provide a better understanding of functional relationships is demonstrated by the work of Statzner (1987) and Statzner and Higler (1986) . They have drawn attention to regions of hydraulic stress which are important discontinuities in river systems and influence the distribution of zoobenthos (see also Statzner et al. [1988] (Reice 1974 (Reice , 1977 (Reice , 1980 (Reice , 1985 , behavioral responses of grazing invertebrates to patchiness in algal food abundance (Hart 1981 , Hart and Resh 1980 , Kohler 1984 , and periphyton community response to nutrient patches (Pringle 1985b , Pringle and Bowers 1984 .
Our objective is to develop the concept of patch dynamics (Pickett and White 1985, Thompson 1978 , Wiens et al. 1985 as a useful tool that will enhance predictive understanding of lotic systems. We present an operational definition of "patch" and discuss patch characteristics as they relate to the function of lotic ecosystems on differing scales. We then apply a patch perspective to various ecological problems in lotic systems, ending with a series of conclusions and recommendations.
Patch definition: what scales of variation are perceived by the organism?
Appropriate scales in ecological studies depend upon the organism(s) of study, the time unit during which the organism(s) will be affected by environmental fluctuations and the question(s) being asked. For example, in his examination of environmental factors determining spatial and temporal heterogeneity of phytoplankton populations, Reynolds (1984) adopted the time unit of "cell generation time", asking the question, "which scales of variation are perceived by the intact cell?" Human perceptions often operate on radically different temporal and spatial scales from those of other organisms we study, contributing to the disparity between relevant and tractable scales of investigation. As stated by Alien (1977), "the ecologist is likely to measure the environment at frequencies too long and at grain sizes too large to correspond to the short frequency, fine grain actuality .... Small life forms are so far removed from human scales of perception that even the best amplifiers of our senses can't be used directly." Connell (1978) likewise noted that with long-lived organisms such as trees or corals, gradual changes in climate over several hundred years represent the same scale as season does to a phytoplankton community.
Our working definition of a "patch" is an operational one: A patch is a spatial unit that is determined by the organism(s) and problem(s) in question. This definition incorporates a scalar component since organisms and processes can operate within several spatial and temporal scales simultaneously. As discussed by Pickett and White (1985) , patch implies a spatial pattern where patches are spatially related to each other and to the surrounding, less affected matrix. The study of patch dynamics focuses on mechanisms behind patch change and interactions between patches.
While the distinction between riffles and pools may yield patch units appropriate to some problems in lotic ecology such as factors determining fish distribution and habitat preference, such a level of spatial heterogeneity may be inappropriate for studies addressing fine-grained heterogeneity such as efficient nutrient cycling within microbial communities. In streams, patches may be determined by many interacting factors, including substratum conditions, topography, current patterns, organisms, and disturbance. Clearly, patch size and patch boundaries perceived by individual organisms vary significantly among organisms and even for the same organism at different times. As a boundary, a pond margin is impermeable to a fish, permeable and of major importance to a beaver (Castor canadensis), and not really perceived by a parasite with life history stages within both fishes and birds.
Characteristics of patches
The effects of patch dynamics on populations, communities, and ecosystems have been described in detail for a variety of terrestrial and marine habitats (e.g., Pickett and White 1985), often focusing on characteristics of patch types within these different systems (e.g., Sousa 1985). Here we provide a framework for application of patch dynamics to problems in lotic ecology (Table 1) by consideration of the following patch characteristics and how they affect biotic and abiotic processes over various scales: (1) size and size distribution; (2) density; (3) juxtaposition; (4) diversity; (5) duration; and (6) mechanisms affecting formation.
How do these patch characteristics affect lotic ecosystem function? All are critical determinants of both within-and between-patch dynamics. This importance is dramatically illustrated by the loss of biotic integrity that accompanies major structural modifications of stream channels. The erosive dynamics of water in meandering streams creates habitat mosaics of major consequence to the distribution of many organisms (Karr and Schlosser 1978). For instance, with respect to fish habitat, the structural simplification that results from stream channelization generally results in a decrease in the variance of patch sizes, patch density, the number of juxtapositions between patches, patch diversity, and even in mechanisms affecting subsequent patch formation.
Variations in patch characteristics that occur over extremes in spatial and temporal scales can influence stream structure and function. For example, the dynamics of fish populations are in- : however, such measurements integrate information at a scale that is orders of magnitude too large to detect fine grain temporal and spatial variation in nutrient patches (e.g., Fig. 1) .
A case study in point concerns the relationship between organisms in the periphyton and the surfaces to which they are attached. Macrophytes, decomposing wood, and leaf litter can be direct sources of nutrients for attached microbes. Retreats constructed by many zoobenthic species also may constitute natural nutrient-diffusing surfaces for attached algae, owing to metabolic and excretory activities of larval inhabitants (Pringle 1985a ). For instance, many Chironomidae and Trichoptera larvae consolidate sand grains into tube-like retreats. In a nutrient-deficient stream in northern Michigan, significantly greater amounts of ammonia-N, ortho-phosphate, and total phosphorus were extracted from tubes of the chironomid Pagastia cf. partica in comparison with controls of unconsolidated sand (Pringle 1985b ). The retreats were covered by dense mats of diatoms, supporting over 10 times the chlorophyll a than equivalent weights of control sand (Pringle 1985b ) and over 12 times the diatom biomass compared with adjacent wood surfaces (Pringle 1985a). In this instance, algal community dynamics apparently respond to nutrient patches mediated by the chironomid larvae. Such efficient biophysical coupling represents a lower spatial limit within the framework of Viewing effects of nutrients derived from different sources as patch-specific phenomena is a prerequisite for the careful examination of interactions between nutrient sources (patches). Taking this approach, one can quantify effects of nutrient patches through experimental manipulation. For example, Pringle (1985b Pringle ( , 1987 developed an integrated bioassay to separate patch-specific effects of substratum and water nutrient supplies on algal growth and community structure. Experiments that enriched the water and substratum in a fully crossed design showed that nutrients derived from different sources interacted to determine periphyton growth response; periphyton responded to combined influences of water and substratum enrichment in an additive or synergistic fashion, depending on amounts and types of nutrients added from each source. In another study, algal epiphytes of Phragmites were found to be dependent on silicate released from host stems, when competition for silicate between planktonic and epiphytic diatoms resulted in silicate depletion in the water (Jorgensen 1957). When silica concentrations are low, epipelic diatoms obtain supplies of this mineral from the sediment and interstitial water (Happey-Wood and Priddle 1984, Werner 1977). Accordingly, a stream can be envisioned as a mosaic of nutrient micro-patches, which differ dynamically in chemical nature and, thus, may impart variable but potentially predictable biotic responses between patches.
Indeed, results of integrated bioassays employed by Pringle (1985b) showed that periphyton species diversity was highest where . It has two components that are directly influenced by patch dynamics: (1) uptake length, defined as the distance an inorganic dissolved nutrient atom (or ion) travels before being incorporated into a benthic particle; and (2) turnover length, the distance it then travels in particle form before being again released into solution.
Nutrient spiralling lengths (e.g., Mulholland et al. 1985 , Newbold et al. 1983 ) have usually been measured over fairly long reaches (ca. 100 m), not in ignorance of the habitat variability or patchiness over this distance, but rather to use spiralling length as an integrative measure of ecosystem function. Viewing the whole river continuum as described by Vannote et al. (1980) , nutrient spiralling processes are affected by stream patches on at least three levels: substratum patches, riffle-pool sequences, and larger, stream order variability.
The abiotic and biotic retention of nutrients is largely determined by patch characteristics discussed in the previous section and their interactions over various scales. For instance, Meyer (1979) has found differences in phos-phate sorption on silty versus sandy substrata. Most stream segments or reaches are mosaics of different substratum types (e.g., gravel, sand, silt, and organic accumulations) that may differentially affect abiotic uptake of nutrients. Therefore, the relative size of different physical substratum patches, their size distribution and density within the stream landscape, combined with their juxtaposition, diversity, and duration, all interact to affect the overall nutrient retention of the reach and will determine, in part, the dynamics of nutrient cycling within the drainage network.
Nutrient dynamics are often mediated by both autotrophic and heterotrophic biota (e.g., El (Table 2) .
In addition to immobilizing dissolved nutrients, decaying organic material may also be a site for denitrification. Several studies (e.g., Kaushik and Robinson 1976, Swank and Caskey 1982) have suggested that denitrification is a major pathway of nitrogen loss from streams. Swank and Caskey (1982) found that rates of denitrification were highly variable over the streambed and tended to be correlated with sediment organic matter and the presence of intermittent seeps.
At a larger scale, woody debris has been shown to be an important component of many streams (e.g., Triska and Cromack 1980). The distribution of this material is extremely patchy and usually occurs in debris dams. These woody debris dams are major sites for nutrient transformations associated with the decomposition of wood, nutrient uptake, and nitrogen fixation (e.g., Triska et al. 1984 ). These dams also slow water velocity, thus shortening nutrient spiralling; but, their greatest effect on nutrient spiralling probably is that they retard transport of organic and inorganic particles and their associated nutrients (e.g., Bilby 1981).
A higher level of patchiness in streams is associated with the alternation of riffles and pools. Because of differences in slope and hence water When viewed from a landscape perspective, nutrient spiralling is controlled by a shifting mosaic of patch-specific biotic and abiotic processes existing on various spatial scales. We have attempted to discuss typical patterns of patchiness and how they affect nutrient spiralling. Perhaps more interesting than some of the typical patterns discussed, may be the variability in patch-specific nutrient cycling processes within and between biomes and ways in which natural and anthropogenic disturbances (such as volcanoes, major storms, clear-cutting, and dam building) affect patterns of patchiness and related nutrient transport.
Riparian patch dynamics and effects of leaf litter characteristics on lotic food webs
Streams and rivers are like threads traversing the shifting patchwork of terrestrial landscapes. Some patches are obvious (e.g., fires and agricultural or urban areas), whereas others are more subtle. Impacts of terrestrial patches on streams are often buffered and/or obscured by dilution and downstream transport of nutrients and organic materials. The extent to which each terrestrial patch imposes ecological changes upon its drainage system depends upon both spatial (terrestrial patch size in relation to stream size) and temporal (longevity of the patch) scales.
Few studies have investigated stream riparian zones from a patch-dynamics perspective, and such an approach may be beneficial since landstream interactions are so complex. Riparian vegetation acts as both a source and filter for energy and materials entering stream ecosys-
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[Volume 7 tems. It influences water temperature by shading, although the effect varies seasonally in relation to the deciduous versus evergreen nature of the flora. Shading may also limit instream primary production; and streamside vegetation is a major source of particulate detritus used by zoobenthos in headwater streams. As discussed above with respect to nutrient spiralling, both of these influences, in turn, may affect lotic nutrient cycling processes and trophic structure. A desert stream with limited riparian vegetation may be predominately autotrophic, whereas a stream of similar size in the deciduous biome may be dominated by heterotrophic processes, owing to allochthonous leaf fall from the riparian canopy (Minshall 1978 . This action and reaction has been likened to a coevolutionary "arms race" but direct evidence for long-term stepwise adaptations of interacting herbivorous insects and plants is meager (Futuyma 1983). Shredder insects in streams consume the same leaf material that has evolved defenses against terrestrial herbivory and microbial attack (Fig. 3) Beaver have once again become a key component in the structure and function of stream ecosystems in the boreal forest. The overall influence of beaver-created patches on the drainage network needs to be considered in terms of mechanisms of patch formation and patch size, distribution, density, juxtaposition, diversity, and longevity. In combination, these factors interact to influence the overall biogeochemical economy of the drainage network.
Beaver create patches in two primary ways: by dam building and by foraging both in the impoundment and in the adjacent riparian zone. Dam building alters the hydrologic regime, accumulating material in the stream channel and creating extensive anaerobic zones as oxygen availability to the deep sediments is decreased ). Foraging by beaver is selective (Jenkins 1979), changing the vegetative community composition and the nature and amounts of allochthonous inputs to the aquatic environment (Conners and Naiman 1984). Both mechanisms of patch formation have long-term consequences for the stream depending upon the hydrologic regime, the response of the riparian vegetation to foraging, and the ability of beaver to maintain activity at the site. The ontogeny of a beaver pond, from its formation to its eventual decay, may range from a year to many centuries, with the physicochemical characteristics shifting during the aging process. When viewed in a landscape perspective, the distribution of beaver ponds becomes a dynamic mosaic of constantly shifting environmental situations reflecting pond age and size, degree of community maturity, substratum, hydrological characteristics, and resource inputs. This shifting mosaic of beaver-created habitat, a dominant part of the landscape for tens of thousands of years (Hays 1871, Jenkins and Busker 1979), overlies the natural development of the drainage network driven by climate and geology. The changing pattern of beaver ponds has both spatial and temporal components. Since all ponds along a reach of stream are not identical, specific ecosystem parameters are not spa-tially constant. The result is a dynamic habitat where the relative importance of an ecosystem parameter varies along the channel. For example, one pond may have a primary production rate typical of a third-order stream, another the rate of a ninth-order stream, while the connecting riffles have rates of the normal secondorder stream. This assumes that primary production, as well as other parameters, are not significantly affected by upstream ponds. Further, since beaver populations are known to wax and wane over time, the changes they cause will similarly have temporal variations in density and diversity. These changes may be manifested by changes in the internal biogeochemical economy of the watershed or, in addition, by changes in the total watershed budget for a particular parameter. Historically, this shifting mosaic, both spatially and temporally, was undoubtedly an important determinant of biogeochemical economies for pristine watersheds. This complex situation is analogous to the present variety of human-induced perturbations subjected upon stream systems. The concept of a shifting patch mosaic offers a convenient and essential approach for quantifying patch dynamics when biotic parameters continually adjust to abiotic gradients, such as those naturally occurring along stream-river continua.
The density of beaver-created patches is a response to beaver population dynamics, with a sufficient lag time to account for the return to normal stream conditions after the habitat is abandoned. This lag time may range from decades to centuries depending upon local conditions (Rudemann and Schoonmaker 1938) . At present, for most of North America, cyclic changes in patch density are not well known nor are the long-term consequences well understood. Beaver populations in many areas are continuing to increase with the virtual absence of natural predators and an abundance of early successional forage along stream channels. Consideration of the large-scale consequences of habitat abandonment on stream stability and long-term productivity can only be speculative at present.
Patch dynamics of floodplains
Patch dynamics have yet to be formally applied to explain the functioning of the floodplains of the potomon, mainly because such systems have been less studied than other types of fluvial systems. Sufficient information does exist, however, to show the potential of the concept in explaining the distribution and abundance of fish and other biota in the lower reaches of rivers and to suggest future avenues of exploration.
The potomon of most large, unmodified rivers can be thought of as existing in two major states: (1) a low flow state in which aquatic components of the system are confined to channels and residual water bodies distributed over a relatively flat alluvial plain; and (2) a high flow state where aquatic components of the system fill the valley of the river to a greater or lesser extent. This means that a large proportion of the system alternates between a wet and a dry state at least once per year. Between these two states are periods, usually relatively brief, during which water levels rise or fall.
Floodplains may be considered to be subject to temporal events of four orders: During the destruction phase, the characteristics of the river and its floodplain are so altered by channelization, drainage, poldering, and urbanization that few of the original features of the system remain. The breakdown of patch structures essential to the breeding and feeding of many species results in a simplification of the fish community and greatly lowered productivity.
An understanding of various elements of fluvial ecosystems and the way in which they relate to one another is crucial to effective management. Such knowledge is needed both at the utilization level, where maintenance of the correct balance of water level and water use can permit sustained harvesting of a number of aquatic and terrestrial food organisms, and at the destruction level, where similar information is needed to mitigate changes and restore what has been lost. Studies on energy flow and structural dynamics of biota between and among terrestrial, riparian, and riverine patches, as superimposed on the floodplain surface, are needed. Comparisons of temporal dynamics of floodplain processes in desert, forested, and savannah (i.e., transition between forested and drier biomes) environments may be most instructive. In particular, it is vital to document how floodplaindependent fishes are influenced by intensity and duration of flood periods. Conservation of the few remaining pristine big river floodplains cannot occur without this information (Wel-comme 1988-see this issue). A patch dynamics approach may offer a new synthesis for such studies.
Conclusions and recommendations
In addition to specific recommendations presented with the preceding discussion topics, we offer the following conclusions and recommendations in hopes of facilitating the application of a patch-dynamics perspective to problems in lotic ecology, and stimulating ideas and approaches for future study:
(1) A patch dynamics approach has the potential to yield information central to the effective management and long-term survival of lotic systems by increasing our understanding of the role of various elements in streams and the way in which they relate to one another. 
